CT imaging is commonly used by physicians to monitor the development of pathological conditions, e.g. brain tumours. Accurate monitoring of a unique point in the brain over consecutive CT scans in between which a patient's head may have moved requires determination of the relative position and orientation of the skull coordinate system with respect to the imager coordinate system, known as registration. A configuration of fiducial markers can be attached to the skull to provide means for registration by fitting of its known geometry with image data obtained from CT scanning. Typical requirements on fiducial based registration systems are related to fiducial and target registration errors and the extent to which the surrounding image is unaffected.
We propose the use of a configuration of three or more spherical fiducials to provide means for registration in a CT image set. This paper presents an experiment designed to determine which material is suited for use as a fiducial and what fiducial and target registration errors can be achieved given a particular configuration of fiducials.
METHODS
Firstly, fiducials of different material are CT imaged to choose a suitable material. Secondly, a set of CT images of a frame holding the fiducials of the chosen material is obtained in which the centre coordinates of the fiducials are localized by image processing. The frame coordinate system is registered using the known relative configuration of the fiducials as measured by a coordinate measuring machine. Fiducial registration errors are calculated directly in the registration process. Target registration errors are calculated by successively excluding one of the fiducials in the registration process and appointing it as a target.
RESULTS
A polyamide frame to hold 10 mm fiducials was produced by selective laser sintering. Fig. 1(a) shows the frame with fiducials being CT scanned by a Siemens Sensation 16 at the Universitair Medisch Centrum Groningen (UMCG) in the Netherlands (slice spacing 1.5 mm, pixel spacing 0.95×0.95 mm, slice thickness 2 mm). The initial frame proved to be structurally too compliant and dimensionally unstable to obtain repeatable measurement results of the centre coordinates of the fiducials. A second more solid frame, shown in Fig. 1(b) , was machined of polyoxymethylene and contains four 20 mm aluminium oxide fiducials at a centre to centre distance less than 230 mm. The centre coordinates of each fiducial x x x f i with respect to the frame coordinate system were obtained using a FARO GagePlus measuring arm with a specified volumetric length measuring uncertainty of 5 µm.
The frame with fiducials was CT imaged using the same CT and image settings as previously, yielding an image set in which the centre coordinates of the fiducials x x x c i with respect to the image coordinate system were determined by cropping of the 3D image set around each fiducial and averaging over the position of all pixels with values above a threshold value of 2476 Hounsfield units. The 3D position x x x c f and orientation in terms of Euler parameters λ λ λ c f of the frame with respect to the CT coordinate system were determined using the iterative NewtonRaphson method to minimize a cost function J, which sums the squared values of the fiducial registration error e e e i of n fiducials:
Here, R R R f 2c (λ λ λ c f ) is a rotation matrix which performs the rotation of coordinates from the frame coordinate system to the CT coordinate system, as a function of Euler parameters.
Four registrations have been performed using three out of four fiducials and the fourth appointed as a target. The fiducial and target registration errors are presented in Table 1 , with an average of 0.10 mm and 0.20 mm respectively.
INTERPRETATION
The presented registration system yields no negative effects on CT images and achieves submillimetric fiducial and target registration errors. This accuracy is deemed sufficient for clinical procedures involving tracking points of interest over consecutive CT scans. 
